A microscopic theoretical model is proposed for calculating the characteristics of ultraviolet photoemission and x-ray secondary electron emission induced from CsI photoconverters. This approach is based on a realistic picture of the basic interactions of photons and induced electrons within the material. Both differential and integral emission characteristics, such as energy spectra and quantum efficiencies, are estimated according to the model and are found to agree, in general, with experimental data. The model-calculated photoemission enhancement under high external electric fields is also considered and is fairly compatible with measured values. The applicability of the model in the field of radiation detectors incorporating solid photoconverters is discussed.
I. INTRODUCTION
CsI is known to be one of the best photocathode materials for photons in a wide energy range ͑i.e., from a few eV and up to several keV͒. Its relatively high stability in air, 1 together with good conversion and electron-emission properties, has made it attractive for use in solar-blind photomultipliers and in microchannel plate ͑MCP͒-based vacuum ultraviolet ͑UV͒ and x-ray imaging detectors in astronomy. [2] [3] [4] More recently it has become the photoconverter of choice in large-area gas avalanche detectors for UV photons 5, 6 in particle physics or for soft x rays 7 in crystallography. Knowledge of the UV photoemission quantum efficiency ͑QE͒ and x-ray-induced secondary electron emission ͑SEE͒ quantum yield ͑QY͒ from CsI is crucial for designing photon detectors that combine such converters with electron multipliers. The UV photoemission and x-ray SEE from insulators were estimated within the framework of semi-empirical models using parameters fitted to experimental data. Good examples are Henke et al. ' s approach 8 or Fraser's model 9 for x-ray SEE or the diffusion models of Chen et al. 10 and of Kane, 11 in the case of UV photoemission. However, such models constitute, in the case of insulators, only rough approximations, 12 since, in such materials, the electron escape length is large compared to that in metals. 13 The depth from which photo or secondary electrons ͑SEs͒ can be emitted cannot indeed be neglected, as is assumed in most of these diffusion approaches.
In recent years, Akkerman et al. [14] [15] [16] [17] have proposed a microscopic theoretical model based on the elementary interactions of the photons and the electrons within the solid; they performed Monte Carlo simulations of x-ray induced SEE from CsI in the photon energy range of 1-100 keV. Their integral results, such as total or secondary emission yields, are compatible with experimental data, but the calculated energy distributions of low energy SEs do not match existing experimental spectra. The authors considered, at low electron SE energies ͑i.e., less than a few eV͒, elastic scattering in addition to optical phonon-electron scattering, but neglected the electron interactions with acoustic phonons. Furthermore, in the intermediate electron energy transport, they utilized the Lindhard dielectric function 18 for evaluating electronelectron interaction cross sections, despite the fact that this function is valid only for nearly free-electron metals and obviously not in the case of insulators.
In previous work, 19 a microscopic model for estimating the low-energy electron transport and the UV photoemission from alkali-halide photocathodes was presented. It was based on an approach which takes into account interactions of photoelectrons with both acoustic and optical phonons and is supported by a direct Monte Carlo simulation. Model-based calculations of the QE of reflective and semi-transparent CsI UV photocathodes were found to be compatible with experimental data. 19 However, reflection losses at the interface between vacuum or the substrate and the CsI film were not accounted for in a satisfactory way; such corrections were recently found to reduce the predicted QE values by up to 35%. Therefore, the model was revised and implemented for calculating the escape length values of UV photoelectrons in some alkali halide films, e.g., CsI, KI, RbI, NaI and CsBr. 20 The calculated and measured escape length values agree fairly well, 20 indicating the consistency of the electron transport part of the model. In additional studies, 21, 22 the dielectric formalism was adapted to insulating materials by accounting for the energy gap. This allows the calculation of consistent differential and total mean-free paths for electron-electron interactions.
In the present work, the low-energy electron transport and the dielectric approaches mentioned above are included within the framework of a theoretical model for evaluating integral and differential characteristics of UV-induced photoemisssion and x-ray SEE from CsI. Model-based predictions are compared with existing experimental data. The extended model significantly enlarges the scope of applications; for example, it permits investigation of the important issue of the observed UV photoemission enhancement, under a͒ Electronic mail: Thierry.Boutboul@cern.ch
II. THEORETICAL MODEL
The theoretical model used in the emission characteristics calculations will be briefly described. General features with regard to the calculational model and the Monte Carlo simulation have already be given in Refs. 14,15,19, and 20. More details can be found in Ref. 24 .
A. Photon absorption
In the UV range under consideration ͑i.e., a photon wavelength of 150-190 nm͒, the photons are absorbed in alkali halides mainly through interband transitions or excitation of excitons. In this study, excitons were discarded as a photon conversion process, as is discussed below ͑Sec. IV͒. As in our previous work, 20 the photon absorption depth is chosen to follow an exponential distribution where the mean value is taken from the recently measured photoabsorption length data. 25 The photoelectron is assumed to be released isotropically.
The absorption of x rays in matter is mainly due to photoelectric effect for photon energies up to, at least, several keV. 26 For photon energy well above the highest atomic energy level, Compton scattering becomes the dominant process of primary electron release. In CsI, Compton electrons start influencing the photoconversion above 40 keV. Throughout this work, the approach of Akkerman et al. 14, 15 is adopted for determining the primary electron spatial distribution: the total x-ray attenuation coefficients are taken from Saloman et al.'s tables 27 and Auger electrons, following photo-and electron ionizations, are also accounted for.
To save computational time, the ''forced Monte Carlo'' scheme 19, 24, 28 was utilized in both the UV photoemission and x-ray SEE calculations.
B. Electron transport and emission
For electron energies higher than the material energy gap E g ͑i.e., 6.2 eV for CsI͒, electron transport is mainly influenced by inelastic interactions, namely, electron-electron interactions, or elastic scattering, which is related to the interaction of incident electrons with the screened potential surrounding each ionic core.
An electron moving within the solid can interact inelastically with either valence or core electrons. The most common approach for considering valence-electron excitations is dielectric theory. 29 In previous work, 21, 22 the dielectric formalism was extended to insulators by taking into account the energy gap characteristic of such materials. According to such an approach, 22 the double-differential inverse mean free path for valence-electron excitations, i.e., the probability that an electron with energy E will lose energy ប and momentum, បq per unit energy, per unit momentum and per unit path within the solid can be written as
where a 0 is the Bohr radius, E is measured from the conduction-band bottom, and ⌬E v is the valence-band width of the solid. Im͕Ϫ1/⑀(q,)͖, the energy-loss function, can be modeled by a sum of the Lorentzian terms by fitting it to optical measurements or electron-energy-loss spectra data. More details concerning the fitting procedure, together with the Lorentzian parameters used in the CsI energy-lossfunction modeling, can be found in Ref. 21 .
The inverse mean free path for valence-electron scattering is naturally obtained by integrating Eq. ͑1͒ over possible q and ប values; it was already presented in Ref. 21 . The energy loss, ⌬E, that is undergone by the incident electron during the interaction and its angular deflection , respectively, are selected according to the energy-loss and angular distributions. The former distribution is calculated by integrating Eq. ͑1͒ over the q axis as a function of ⌬E. The valence-electron angular distribution can be obtained by changing the variable from q to by means of the following expression derived from momentum conservation law:
where m 0 is the free-electron mass and EЈ is the incident electron energy after scattering. Then the angular distribution is evaluated by integrating the resulting d v Ϫ1 /d(ប)d function over all possible energy losses.
As was emphasized in Refs. 21 and 22, the concept of valence electrons was generalized to outer-shell electrons and the number of ''valence'' electrons considered within the framework of dielectric formalism was taken, in this work, to be 16. The following configuration is assumed for these electrons: (6s 1 ϩ5 p 6 ϩ5s 2 ) from Cs and (5p 5 ϩ5s 2 ) from I. Other electrons are core electrons and their contribution to inelastic scattering is estimated following the classical binary encounter approximation of Gryzinski, 30 which is commonly used in electron transport calculations. Alternatively, the semi-classical binary-encounter-dipole model recently proposed by Kim and Rudd 31 could be used for estimating electron impact ionization. Both Gryzinski's and Kim and Rudd's approaches provide quite similar results for a wide range of materials. Within the framework of Gryzinski's work, the inverse mean free path for coreelectron ionization and the differential inverse mean free path can be calculated through analytical expressions 30 for every shell considered.
In the case of inelastic interactions, both with valence and core electrons, a SE can be released. Its energy is then given by the following expression:
where U is the energy required to extract the secondary electron from its bound level. In the case of core-electron collisions, U is naturally taken as the binding energy of the ionized level, whereas for valence-electron excitations it is chosen according to the valence-band structure of the material. In the latter case, the double valence-band structure ap-proach proposed by Poole et al. 32 for alkali halides is used. The outer-shell electron released is assumed to belong either to the halogen p band, namely, the conventional valence band, or to the alkali-metal p band. The experimental values of various parameters involved in this model, such as bandwidths and energy gaps, can be found in Ref. 32 . The band from which a SE is extracted is chosen according to the value of ⌬E; U is selected following a normal distribution over the specific energy band. One should mention that the incident electron is assumed to interact with valence electrons through individual collisions, the possibility of plasmon excitation being discarded. The direction, SE , relative to the incident electron direction at which a SE is released following a core-level ionization is given within the framework of Gryzinski. 30 In the case of valence-electron excitation, SE can be easily obtained by taking energy and momentum conservation into consideration.
Similar to the work of Akkerman et al., 14 elasticscattering cross sections were calculated following Akkerman and Chernov's approach 33 by using the partial wave expansion method. In the low electron energy range ͑i.e., lower than E g ), electron transport is mostly influenced by interactions with vibrational modes of the crystal lattice, namely, electron-phonon interactions. The method for calculating the mean free path of an electron interacting with both acoustic and optical phonons was presented in detail previously. 19, 20 The acoustic model is known to be a valid approach for low electron energies. 34 However, carrying this model up to energies larger than E BZ ͑the first Brillouin zone energy, around 2 eV for CsI͒ results in a calculated acoustic inverse mean-free-path function which continues to increase in an ''unphysical'' way. Moreover, as the electron energy increases, the acoustic model does not converge towards the elastic process, which becomes more significant at energies above a few times E BZ . This problem has already been highlighted. 19 It was shown that the difficulties in the acoustic process approach are caused by neglecting the screening effect of electrons surrounding the lattice ions. 35 In order to take this effect into account, we followed the approach of Bradford and Woolf, who proposed a pseudopotential method 36 to account for screening. This approach provides the inclusion of a correction factor, ͕1/͓1ϩ (q 2 /␣ 2 )͔͖ 2 , into the integrand of the acoustic inverse mean-free-path expression ͓see Eq. ͑3͒ in Ref. 20͔ . The value of the screening parameter, ␣, was determined in a self-consistent way by requiring that the corrected acoustic mean free path be equal to that of the elastic scattering at 20 eV. The ␣ value derived in this way is 24.3 nm Ϫ1 . The acoustic mean free path, with and without the pseudopotential correction, is shown in Fig.  1 . From Fig. 1 it is clear that the corrected mean free path is quite similar to the noncorrected one for energies less than ϳ2 eV, with the former mean free path value being almost constant above ϳ6 eV. One should note that the screening correction has a negligible impact on calculations of the UV photoemission and x-ray induced SEE.
As in our previous work, 19, 20 the trajectory of the electron, ͑photoelectron, primary electron or SE͒ is followed until it reaches the emitting surface or until its energy becomes smaller than the material's electron affinity, in which case it is considered lost. In the former case the electron is counted only if its direction of incidence to the surface satisfies the ''escape cone'' condition.
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C. UV photoemission under an external electric field
UV photoemission from CsI was found by Buzulutskov et al. 23 to be enhanced by applying an external high electric field of a few 100 kV/cm at the photocathode surface. This obviously may have interesting practical applications in the photon detection field. We have adapted our photoemission model to account for the influence of an electric field on electron-emission properties of alkali halide films.
Compared to interatomic electric-field values of 10 9 V/cm, 38 an applied field of up to 10 7 V/cm represents only a small perturbation and it cannot affect the crystal structure of the photocathode. Therefore, the approach presented in Refs. 19 and 20 for evaluating the mean free paths of electronphonon interactions can be utilized to estimate fieldenhanced photoemission characteristics in the range up to 10 7 V/cm. Between two successive collisions, the position and velocity of the electron in the bulk are determined from classical equations of its motion under an electric field. For the sake of simplification, the ''time of flight'' of the electron between two interactions is derived from the electron total mean free path at its initial energy and from its initial velocity. Therefore, in calculating the electron trajectory, the present model does not take into account variations of the electron velocity and energy induced by the external field between two collisions. In the case of CsI, the maximal variation of electron energy during its transport between two electron-phonon scatterings is of the order of a few percent, for an effective field intensity of up to 10 5 V/cm; such variation can easily be neglected. In calculating the electron energy, the model takes into account the energy gain provided by the field between two successive collisions. An absolute value of the internal effective field within the solid is derived following the well-known macroscopic approach 38 and is expressed by
where F ext is the applied external field intensity and ⑀ is the permittivity. Applying an electric field on an insulator is known 39, 40 to decrease its electron affinity in a way similar to the Schottky effect in metals. 23 This is explained by the fact that an electron in the vicinity of the material/vacuum interface is subjected to the potential of its electric image. 39, 41 The affinity decrease is given by the following expression:
where K is defined by
The photoemission field enhancement may, therefore, be derived from two factors: electron affinity reduction and the energy gained by the electron from the field.
III. EMISSION CHARACTERISTICS CALCULATIONS
The model-based calculations are supported by a direct Monte Carlo simulation and are performed on a Pentium II PC. Differential characteristics, such as electron energy distributions, are obviously more sensitive to details of the model than the QE or QY estimations, and therefore we have found it relevant to calculate these distributions and to compare them to existing experimental spectra.
A. Differential characteristics
UV-photoelectron energy distributions
The electron-energy distributions induced by UV photons in the 6.8-8.4 eV energy range from an 11 nm thick semi-transparent CsI photocathode were evaluated on the basis of the proposed model. For this the number of simulated photons was taken as 10 6 , resulting in a negligible statistical uncertainty ͑a few tenths of a percent͒ with regard to the peak position and the full width at half maximum ͑FWHM͒ of an estimated electron-energy spectrum.
To illustrate this, Fig. 2 presents our calculation for the energy spectrum of electrons photoinduced by 7.8 eV UV photons, compared to the experimental distribution given by Distefano and Spicer. 42 These authors measured the energy distribution of photoelectrons UV released from an evaporated, 11 nm thick, CsI film for various photon energies in the range mentioned. As is shown in Fig. 2 , the agreement between predicted and measured spectra is remarkable. Figure 3 presents our calculation results for the peak position and FWHM values, compared to Distefano and Spicer's data. 42 There is excellent agreement between the experimental and simulated values up to 8 eV. At higher energies, a systematic deviation between them exits, which can be explained by the omission of the conduction-band density of states in our model. 19 
SE energy distributions
As a test of the SEE model, we have calculated the energy distribution of secondary electrons induced by x rays and emitted from a CsI photoconverter with an energy of less than 50 eV. These electrons are conventionally called true secondary electrons ͑TSE's͒.
Henke et al. 8 measured the energy distributions of SEs induced by 1487 eV x-ray photons from various semiconductors and insulators. These authors utilized a hemispherical electrostatic energy analyzer to measure spectra of true secondary electrons emitted from a evaporated, 300 nm thick, reflective photocathode, with a photon incidence angle of 45°.
In the SEE simulation calculations 3ϫ10 5 x-ray photons were used. Since every primary electron and its induced cascade of SEs were closely followed down to the lowest energies, the simulation ran for about 48 h on our PC. The trajectories of each energetic electron were evaluated, following their energy loss down to the energy gap, according to the complete presented model; at lower energies, only electronphonon interactions were considered. The model-predicted TSE energy distribution is presented in Fig. 4 , together with the experimental spectrum of Henke et al. 8 As is clearly seen in Fig. 4 , the calculated peak position, 0.45 eV, is quite compatible with that of the experimental spectrum, 0.35 eV. However, the experimental width ͑FWHM͒ of 1.6 eV is almost twice that of the calculated function ͑0.9 eV͒. This discrepancy will be discussed in Sec. IV.
B. Integral characteristics 1. Quantum efficiency of CsI UV photocathodes
The QE of a 500 nm thick, reflective CsI photocathode and that of a 5-40 nm thin, semi-transparent photocathode were calculated as a function of the incident photon wavelength in the spectral range of 150-190 nm. The number of simulated photons was 10 5 , conferring a statistical uncertainty of about 1% in the efficiency estimations. It should be stressed that the QE is defined as the ratio between emitted electron and incident photon numbers and therefore includes reflection losses at the vacuum-CsI interface. These losses were estimated according to Berning's algorithm for thin film optical calculations 43 and using Saïd and Green's optical data constants. 44 The QE predictions were compared to recent, and well-reproducible, experimental data of Breskin.
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The experimental data were measured for a 500 nm thick CsI film that was evaporated on a polished stainless steel substrate, pre-coated by a 100 nm Al film, and thermally annealed at ϳ70°C after its evaporation. As can be seen in Fig. 5 , there is fair agreement between the experimental and calculated values for photon wavelengths shorter than 185 nm, the relative deviation between them being less than 20%.
The QE of semi-transparent CsI photocathodes was also evaluated as a function of film thickness. The calculation results are presented in Fig. 6 for incident photon wavelengths of 170 and 180 nm, together with experimental data of Lu and McDonald. 45 These authors measured the QE of semi-transparent CsI films evaporated on Cr-coated quartz substrates and took into account the light absorption in thin Cr film and its reflection at the Cr/vacuum interface ͑i.e., before the CsI evaporation͒. However, they did not account for the fact that internal reflections at the Cr/CsI interface are not similar to those at the Cr/vacuum boundary. 46 20 Possible reasons for this discrepancy will be discussed in Sec. IV.
UV photoemission enhancement under a high electric field
A 5ϫ10
5 V/cm electric field applied in vacuum on the surface of CsI-coated cathode wires resulted in QE augmen- tation by a factor of 1.5 at a 160 nm photon wavelength, 3 at 185 nm, and over 20 at wavelengths above 200 nm. 23 This QE enhancement was assumed by Buzulutskov et al. 23 to be due to the electron affinity decrease mentioned above and it was treated within a phenomenological Schottky-type model.
In this article, we present an investigation of fieldenhanced photoemission from a reflective CsI photocathode on the basis of our model. For the sake of simplicity, the cylindrical geometry of the experiment 23 was approximated by a planar configuration in the framework of our calculations. This approximation seems to be valid since the CsI photocathode thickness was by an order of magnitude smaller than the wire radius, permitting us to neglect the deposited CsI-film curvature. According to Eq. ͑5͒, the electron affinity is reduced in CsI from 0.2 to 0.01 eV, at an electric field value of 5ϫ10 5 V/cm. The UV photoemission QE was calculated by means of our simulation, with and without the influence of a high electric field, as a function of the incident photon wavelength. The ratio between quantum efficiencies, namely, the photoemission field enhancement, is presented in Fig. 7 . The number of photon trajectories simulated in the QE calculations was 10 5 , with the statistical uncertainty provided for the field enhancement calculated value being less than 1%. The field enhancement is found to be, respectively, 1.4 and 3.7 at 160 and 185 nm, which is fairly compatible with the experimental values. The relative role played in the field-enhanced emission by the electron affinity decrease and by the electron-energy gain will be discussed in Sec. IV.
X-ray induced SEE quantum yields
The TSE current QY ͑CQY͒ of a semi-transparent CsI photoconverter was calculated as a function of its thickness and the incident photon energy. This TSE CQY represents the average number of emitted true secondary electrons per incident photon and is thus a quantity averaged over the impinging x-ray flux. The number of simulated photons was 10 4 , which provided an overall statistical uncertainty of less than 3%. The calculation results for the TSE current yield versus photocathode thickness at an incident x-ray energy of 2.3 keV are shown in Fig. 8͑a͒ . This CQY as a function of the photon energy at a 102 nm photoconverter thickness is presented in Fig. 8͑b͒ ; the calculation results are compared to the experimental data of Henke et al. 47 As shown in Fig. 8 , the agreement between our predictions and the experimental data is remarkable. For comparison, the calculation results of Akkerman et al. with the previous, less elaborated on, model 15 are also presented. The most relevant parameter for detector physics applications is, however, not the TSE CQY but the total pulse QY ͑PQY͒, namely, the probability of obtaining a cluster of any number of electrons ͑primary and/or secondary͒ per incident photon. This yield represents the photoconverter's ability to detect an incident x-ray photon by producing an electric pulse, i.e., its detection efficiency ͑the current and pulse QYs are defined in detail in Ref. 16͒ .
A few years ago, Frumkin et al. 48 measured the detection efficiency of a gaseous detector equipped with an evaporated CsI photoconverter at x-ray photon energies up to 60 keV. These measurements can provide a close estimation of the CsI total PQY. Although the authors measured these parameters in a gas medium under avalanche multiplication and not in a vacuum, it is known that the electron emission in gases under relatively high applied electric fields at the converter surface does not differ much from that in a vacuum. 49, 50 The total PQY value was calculated as a function of the CsI photoconverter thickness and for a few photon energies. The number of photon trajectories considered in every simulation was 10 4 , providing a statistical uncertainty similar to that in the CQY calculations. The model predictions for the total pulse yield from CsI are presented in Fig. 9 versus the photocathode thickness for 8, 17.5, and 60 keV x-ray photon energies. Our estimations are compared to the experimental data of Frumkin et al. 48 and to earlier calculations of Gibrekhterman et al. based on the previous model. 16 As can be seen in Fig. 9 , there is fair agreement between our recent evaluations and Frumkin et al.'s experimental data.
IV. DISCUSSION OF THE RESULTS
The model proposed in this work appears to be a consistent approach for predicting electron emission characteristics of CsI photoconverters. The model-calculated integral and differential characteristics are, in general, in fair agreement with existing experimental data. The present model is an improved version of a previously published one, 14 with a more complete and realistic account of the interactions of low-energy electrons in an insulator such as CsI. Nevertheless, some points merit further clarification, and they will be discussed next.
In the method presented, it was assumed that the electrons move, between successive interactions, along straight trajectories like classical particles. The question of whether this classical approach is consistent with the real electron transport in our case could be crucial. Ritchie et al. 51 showed that secondary electrons released within a solid target are strongly localized, i.e., they are less than 1 nm from the location of the inelastic interaction. Quantum effects due to the uncertainty principle do not significantly affect our electron transport estimations. Hence, even in the case of very thin films, the uncertainty in the SE location does not play an important role in the electron transport calculations and classical treatment of the electron trajectory as a sequence of definite paths seems to be a consistent approximation.
In the case of UV photoemission, the possibility of photoabsorption via excitons was disregarded, and it does not seem to affect the consistency of the approach. This is demonstrated by the fair agreement between Distefano and Spicer's experimental energy spectra of photoelectrons emitted from 11 nm thick semi-transparent CsI photocathodes and our model-based calculations. Such a photocathode thickness is of the order of the UV-photoabsorption length. 25 Therefore, in this case and obviously for thinner photocathodes, QEs and photoelectron energy distributions are only slightly influenced by the transport of electrons within the CsI photoconverter and they mainly reflect the photoelectron energies when released following photon absorption.
As we already stated in a previous article, 20 we assume a perfect single crystal film instead of the polycrystalline one that usually constitutes an evaporated photocathode. This assumption is valid because the electron-de Broglie wavelength is small compared to the size of the crystalite which is typically a few hundred nm. 5 However, thinner films constituting semi-transparent UV photocathodes ͑thickness around 20 nm͒ exhibit a structure of smaller crystallites, about several tens of nm. 52 In such a case, the electron-de Broglie wavelength is not so small relative to the crystallite dimensions and the validity of our model for evaluating the lowenergy electron transport may be questionable. This may be one reason why our calculations disagree with the experimental data of Lu and McDonald for ϳ20 nm thick semitransparent UV photocathodes. In addition, the escape length value derived from the data of these authors is found to be about half that of our measured and calculated values. 20 This is consistent with the fact that the electron escape length in polycrystalline films decreases with the crystal grain size. A likely explanation for this effect could be the trapping of photoelectrons at the interfaces between crystallites, as was suggested by Cazaux. 41 For the thicker, reflective, CsI UV photocathodes, the agreement between the model-calculated QE values and experimental data is remarkable for photon wavelengths shorter than 185 nm. For longer wavelengths, the energy of the released photoelectrons is extremely low ͑of the order of a few tenths of eV͒ and the validity of our transport model is less well established; a detailed discussion can be found in our previous work. 20 The model implemented in the case of a high electric field applied to the surface of a reflective CsI UV photocathode provided field-enhanced QE values that are fairly compatible with the experimental data of Buzulutskov et al. 23 We found it relevant to check whether the QE enhancement is mainly due to the affinity decrease, as was assumed by these authors. To do this we have re-calculated the QE, considering the field effect due to affinity reduction only and neglecting the energy gained by the electron from the field during its transport to the surface. These calculated QE enhancement values are, respectively, 1.2 and 2.5 for 160 and 185 nm wavelengths, i.e., they are underestimated relative to the experimental results. Therefore, it appears that for a full accounting of the field enhancement its impact on both the surface barrier and electron transport should be considered.
The x-ray-induced SEE phenomenon was studied by comparing our predicted characteristics to those of experimental data in the literature. Integral characteristics, such as current or pulse quantum yields, are found to be in remark- The agreement between the calculated and experimental differential characteristics, namely, the TSE energy distribution induced from a CsI photoconverter by 1487 eV photons, is less convincing. Although both the calculated and experimental peak positions are fairly compatible, the width of the measured spectrum is around twice that of the modelcalculated distribution, shown in Fig. 4 . This disagreement can be partially explained by the exclusion of plasmon excitations from the theoretical approach. As previously mentioned, valence-electron excitations were assumed to be invoked only through interband transitions, although a collective excitation of the valence electrons, namely, plasmon excitation, followed by the release of an additional electron, could also be possible. The role of the plasmon process in SEE was pointed out by Henke et al. 8 Inclusion of this mechanism would contribute more secondary electrons created by plasmon decay, i.e. with energy of ϳ2 eV in CsI ͓see Eq. ͑1͒ in Ref. 53͔, and this would obviously broaden the calculated energy spectrum.
V. CONCLUSIONS
The approach proposed appears to describe in a consistent way the electron emission process induced from CsI by UV and x ray photons and constitutes a powerful predictive tool for designing photon detectors based on CsI photoconverters. The model proved to be efficient for predicting the transport of UV photoelectrons in other alkali iodides and in CsBr, 20 and can be extended to these materials, provided their optical constants can be measured. The UV-light reflection losses at the photocathode surface cannot be estimated for these solids unless the refraction index in the UV range can be measured, which would allow estimation of their absolute photoemission properties.
It should be noted that the present model can also be utilized for estimating the electron transport and emission through thin alkali halide films that are employed as protective layers for alkali antimonide visible photocathodes. 54, 55 The model can play an important role in optimizing the protection layer thickness for best photocathode performance. In addition, the model could be used for evaluating the UV photoemission properties of recently investigated chemical vapor deposition ͑CVD͒ diamond films. 56 These films are known to be stable, mechanically and chemically, and very radiation hard; recent photoemission studies showed that they are rather efficient, solar-blind UV photoemitters and are therefore proposed as photocathodes for UV-imaging detectors. 56 CVD diamond films several hundred microns thick are being investigated as bulk detectors for particle tracking in high energy physics 57 and for UV-photon and soft x-ray detection. 58 The present model can be adapted for simulating their electron transport properties, which is of crucial importance for their application as detectors.
